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Decomposition processes in AI-Zn-Mg alloys 
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This review surveys the present knowledge of the mechanisms of decomposition processes 
in A I - Z n - M g  alloys. The various experimental observations connected with the for- 
mation and properties of the different second phase particles are described and critically 
analysed. The effect of different heat treatments, compositions, impurities, etc on the 
different stages of the decomposition process is discussed in detail. 

1. Introduction 
During the last decade a large number of papers 
dealing with the decomposition processes in A1- 
Zn-Mg alloys appeared in the literature. The wide 
interest in these alloys is due to their technological 
importance as medium to high strength materials. 

In most cases the investigations involved two or 
more step ageing treatments during which com- 
plicated precipitation structures are developed. 
The main aim is in general to improve the mech- 
anical properties of  the alloys, i.e. to find the best 
combination of ductility and strength, to increase 
fatigue endurance or to decrease their stress- 
corrosion sensitivity. 

The aim of this paper is to review the results 
connected with the decomposition processes tak- 
ing place in alloys in a wide range of composition 
after different prehistories. Since the decompo- 
sition processes depend sensitively on the com- 
position and the details of prehistory, different 
authors arrive at conclusions which seem to be 
contradictory. However, in many cases they can 
be reconciled if the proper experimental con- 
ditions are taken into account. 

We shall restrict ourselves only to discuss the 
mechanisms of the decomposition and we shall not 
deal with many important problems like mech- 
anical properties or stress corrosion, etc. 

In this review, unless otherwise stated, the con- 
centrations are given in atomic per cent. 
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2. Decomposition processes in one-step 
ageing 

2.1. Introduction 
The ageing treatment of the A1-Zn-Mg alloys 
starts in most cases with a natural ageing after 
solution treatment and quenching. The decom2 
position of the supersaturated solid solution near 
room temperature takes place by the formation of 
Guinier-Preston (GP) zones. At somewhat higher 
ageing temperatures there is the formation of other 
metastable precipitate phases, while at still higher 
temperatures the formation of the stable (or equi- 
librium) phases can be observed. The structure and 
composition of the metastable and stable precipi- 
tates is, of course, strongly dependent on the alloy 
composition and on the ageing temperature. In the 
practical alloys GP zones, r~' transition phase, r? and 
T stable phases are forming, so we shall concentrate 
on the properties of these precipitates in our review. 

The precipitation of the metastable and stable 
phases are not independent from each other. The 
formation of metastable precipitates has a strong 
influence on the nucleation of more stable phages. 
This fact is widely used to attain optimum proper- 
ties by multipIe-step ageing, the problems of which 
will be reviewed in detail in Section 3. However, 
before coming to this it is necessary to summarize 
the present knowledge concerning the formation 
and structure of the most important metastable 
and stable precipitates. 
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Figure 1 The aluminium corner of the A1-Mg-Zn equilib- 
rium diagram. 

2.2.  Equ i l i b r i um phases  
The phase diagram of  the A l - Z n - M g  system was 
first determined by K6ster et aL [1 ,2]  and it was 
corrected from the data of  many other authors 
by Mondolfo [3]. The aluminium corner of  the 
equilibrium diagram according to Mondolfo, is 
shown in Fig. 1. It can be seen that by disregarding 
the ranges of  very high and very low Zn/Mg ratios 
two types of  equilibrium precipitate phases exist: 
the binary MgZn2 phase, usually denoted as ~7 and 
the ternary Mg3Zn3Alz phase, usually designated 
by T. 

The MgZn2 r/-phase is hexagonal with 12 atoms 
in the unit cell and space group P63/mmc. The 
lattice parameters of  the MgZn2 were fourid within 
the range a = 0.516 to 0 .522nm, e = 0.849 to 
0.855 nm [4]. In ternary alloys up to 3% A1 can be 

dissolved in the r~-phase [5], The equilibrium 
precipitates of  the MgZn2 phase have incoherent 
interphase boundaries with the a luminum matrix. 
The different orientation relationships between 
matrix and precipitate, as summarized by Degischer 
etal. [6] are listed in Table I. 

The composition of  the ternary T-phase varies 
between relatively wide limits: from 20 to 35% 
Mg and from 65 to 22% Zn [1, 2, 13]. The formula 
(A1Zn)+gMg32, which is more accurate or the 
Mg3Zn3A12, which is more simple characterize 
its composition [14]. The T-phase is cubic; space 
group Ira3 with 162 atoms in the unit cell. The 
lattice parameter increases from 1.429 to 1.471 
nm with increasing zinc content [13, 14]. The 
particles of  the T-phase are incoherent with the 
aluminium matrix and the orientation relation- 
ships 

(100)TII (1 12)A1; (00 I)T II (1 "f0)A 1 

have been found [8, 15]. Ryum [16] in a more 
recent work reported the orientation relationships 

(100)T lit1 ]0)AX; (010)T lit111)A1 

(100)T II (110)AI; (0Y 1)T II (001)A1 

(100)w I1(110)A1; (025)T I1(I 1 0)A I. 

AS can be seen in Fig. I, the formation range of  
the T-phase becomes more narrow with decreasing 
temperature than that of  the ~7-phase, which 
coincides with the observation that in the alloys 
of  practical interest T-phase is only precipitating 
at temperatures higher than 200~ [8]. In the 
alloys with Mg/Zn ratios between about 1 :2  to 
I :3 the ~/-phase is the only stable precipitate at 
lower temperatures and T at the higher ones. 
Therefore some authors consider, in this case, ~7 
as an intermediate phase [8, 17, 18], which could 
transform to the T-phase. Mondolfo has shown, 

T A B L E I Orientation relations (e~cept for rho, rh~ the notation of GjCnnes and Simensen [7] is used) 

N Orientation relations Shape SG [ 8 ] Th [ 9 ] A [ 10 ] Others 

~ (00.1)11(110) (10.0)11(00_1)5 Plates a 6 5 - 
% (00.1)11(110) (]- 2.0)I1(11 1)c~ Rods - 1 4 - 
~s - (]- 2.0)11(1 1 l)c~ (30.2)11(1 10)c~ Rods 2 - - 
% - ( 1 2 . 0 ) 1 1 ( 1  1 1 ) a  ( 2 0 . 1 ) 1 1 ( 1  [- 2 ) a  R o d s  - 3 - - 

r/7 - (]-2.0)It(1 11) 5 (10.4)11(1 10)c~ Rods - 4 - - 
~9 (00.1)t1(110) (]- 2.0)tit00 1)c~ Laths - - 3 [11] 
n~ (00.1)11(1 10) (10.0) I1(1 [- ] - ) c ~  . . . .  [6] 
r/2 (00.1)11(111) (10.0)H(ll  0)c~ Plates b 5 1 - 
% (00.1)11(1 1 1) (11.0)11(1 10) 5 Plates e - 2 [12] 
rh0 ( 0 0  1 ) 1 1 ( 1  1 ] )  (1 1 . 0 ) 1 i ( 1 3 4 ) c ~  - - - 6 - 

r/+ (00.1)11(31 ]-) (]2.0)11(1 i-2) 5 Rods . . . .  

2 2 1 6  



however, that in an AI-6%Zn-2%Mg alloy the 
MgZn~ T-phase remained stable even after an 
8000 h annealing at 200~ [3]. The size of the 
critical nucleus of the T-phase is large and as a 
consequence of this a coarse precipitate struc- 
ture with large particles is forming which does not 
give rise to considerable precipitation hardening. 
So the appearance of the T-phase coincides with 
the overageing of the alloy. 

2.3. Metastable precipitate phases 
According to most authors; in the age-hardenable 
AI-Zn-Mg alloys, the decomposition of the 
supersaturated solid solution (SSSS) takes place in 
general by the following sequence [8, 18-24]:  

SSSS ~ GP zones -+ intermediate 

-+ final precipitates. 

The sequence of steps in the decomposition 
process, however, strongly depends on the com- 
position of the alloy, on the quenching con- 
ditions, on the ageing temperature, etc [6-9,  11, 
18-64]. Most of these problems will be reviewed 
in Section 3. Here we try to summarize the most 
important results concerning the structure and 
formation of GP zones and r?' precipiates. 

2 .3 .  1. GP  z o n e s  
2.3.1.1. Some general properties o f  GP zones in 
A l - Z n - M g  alloys. X-ray techniques provide the 
most direct information on the structure of GP 
zones. The first X-ray diffraction investigations on 
GP zones in A1-Zn-Mg alloys were carried out by 
Graf [65, 66]. According to his results GP zones 
consist of layers parallel to the (100) matrix 
planes enriched and impoverished in zinc alter- 
nately, which is shown by the appearance of 
(100) super-reflections. 

Schmatzried and Gerold [8] studied the decom- 
position process in an A1-2.6%Zn-3.9%Mg alloy 
applying the oscillating single-crystal method and 
small-angle X-ray scattering (SAXS). They observed 
that weak, diffuse (100) super-reflections appear 
already in the course of room temperature ageing. 
They interpreted their results by assuming that 
during GP zone formation the (001) planes 
become enriched in zinc or in magnesium alter- 
nately and hence, as a consequence of the opposite 
size effect of the two alloying elements [4], the 
lattice spacing of the matrix remains unchanged 
in this direction. The intensity distribution did not 
become narrower and stronger even after 4 months 

of natural ageing. At 100 ~ C, however, weak reflec- 
tions of the hexagonal @phase could be detected 
after 8 h, besides the (100) super-reflections, 
characteristic of the GP zones. 

Gerold and co-workers [67-69] have shown 
that in binary alloys the composition of the pre- 
cipitates or GP zones Can be determined by the 
measurement of the integrated intensity of SAXS 
on a series of alloys of different compositions. If 
the atomic volumes in the second phase particles 
and in the remaining solid solution are the same 
then the integrated intensity (Q) of SAXS can be 
described by the following equation: 

Q = (Xx - X )  ( x - x ~ ) - -  (1) 
Va 

where Xa and 2(2 denotes the atomic fraction of 
the alloying element in the particles and in the 
remaining solid solution, respectively, X is the 
average atomic fraction of the alloying element, 
Ab is the difference in the scattering power of 
both elements and V a is the atomic volume. 

The method of Gerold and co-workers has been 
generalized for the determination of the zinc con- 
centration of GP zones in A1-Zn-Mg alloys by 
Diinkeloh et al. [55, 70]. The method makes use 
of the fact that the scattering amplitude of mag- 
nesium and aluminium for X-rays are very close to 
each other. The difference in atomic volumes in 
the particles and in the matrix could be taken into 
account in Equation 1 [69]. At present, however, 
we are missing reliable data on atomic volumes in 
metastable precipitate phases of the A1-Zn-Mg 
system [71, 72]. Results of Diinkeloh et al. for 
A1-Zn-Mg alloys with Zn/Mg=2 give 40% Zn 
within the GP zones in metastable equilibrium at 
room temperature with a solid solution containing 
0.8 Zn [55]. 

An independent method (e.g. neutron small- 
angle scattering) is needed to determine the 
position of the tie-lines in the ternary metastable 
equilibrium diagram and to obtain the magnesium 
concentration of the GP zones [71,72]. Because 
of difficulties in the evaluation of the neutron SAS 
(small-angle scattering) measurements, however, 
the magnesium concentration in the GP zones 
could be determined by Gerold et al. [72] only 
with a rather high uncertainty. 

Groma et al. [73] have shown by applying only 
SAXS measurements that for the case of alloys 
with 0.5 ~< Zn/Mg ~< 2 the zinc content of the GP 
zones in metastable equilibrium at room tempera- 
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Figure 2 The metastable miscibility gap of A1-Zn-Mg 
alloys at room temperature, 

ture does not deviate strongly from 40%, while the 
magnesium concentration of the zones varies from 
20 to about 60% as a function of the Zn/Mg ratio. 
Unpublished work of Ung~r shows that if the 
Zn/Mg > 2 the zinc content of the GP zones at 
room temperature may exceed 40% and with 
extremely high Zn/Mg ratios it tends to about 
70% which is the value obtained in binary A1-Zn 
alloys [74]. The phase diagram of A1-Zn-Mg 
alloys with the metastable miscibility gap is shown 
in Fig. 2. According to Gould and Starke [44], 
Suzuki et al. [75] and Tomita etal. [56] in alloys 
with low magnesium content ternary A1-Zn-Mg 
zones coexist with zones containing only zinc and 
aluminium. The coexistence of this two types of 
GP zones was confirmed by calorimetric investi- 
gations of Honyek et al. [76] i n  alloys with 
Zn/Mg > 9. 

2.3.1.2. The temperature dependence o f  GP zone 
formation. After quenching A1-Zn-Mg alloy 
samples to different ageing temperatures an upper 
limit of temperature can be observed above which 
no GP zone formation can be detected. In the 
following this temperature is denoted by Th. 

The most direct method is to determine Th by 
TEM investigations. As a function of the ageing 
temperature an abrupt change in the density of 
precipitates was observed on alloys with com- 
positions A1-4.5%Zn-2.5%Mg at T h = 175 + 5 ~ C 

[77], A1-3%Zn-3%Mg at T h = 155~ [32] and 
A1-2.2%Zn-l.2%Mg at T h = 1 2 0 + 5 ~  [78]. 
Similar observations can be made by other 
methods, such as SAXS, electrical resistivity and 
mechanical properties measurements. By SAXS 
investigations Kawano et al. [48] have found T h = 
115~ for the alloy A1-2.8%Zn-l.4%Mg. The 
results of Zahra et al. [64] obtained by calori- 
metric measurements show Th = 115 ~ C for the 
alloy A1-2.12%Zn-1.26%Mg. In a recent investi- 
gation on an A1-2%Zn-l.5%Mg alloy Inoue 
et al. [79] obtained T h = 125 ~ C. 

According to many investigations the basic 
properties of the alloy system are not changed 
considerably by varying the magnesium content 
within relatively wide range of concentrations 
[33,73]. On the basis of this fact a metastable 
phase diagram can be constructed taking into 
account only the zinc concentrations [80]. This 
diagram is shown in Fig. 3 in which the upper 
limit of the zone formation is given by the curve 
Th. 

Polmear [30, 31] and Lorimer and Nicholson 
[32] identified T h in AI -Zn-Mg alloys as the 
metastable phase boundary, in our opinion it is 
more clearly defined by the above manner, i.e. as 
the highest temperature at which GP zones can be 
formed after a direct quench to the ageing tem- 
perature, because the dissolution line of GP zones 
is necessarily shifted to somewhat higher tempera- 
tures (Fig. 3). 

There are many observations according to  
which GP zones formed at higher ageing tempera- 
tures are different of those formed at or near room 
temperature. Investigations by Graf ' [65,66, 81], 
Mondolfo et al. [20], Schmalzried and Gerold [8] 
and Gerold and Haberkorn [82] :indicated that at 
100~ GP zones form on (1 11) matrix planes 
unlike the room temperature GP zones which form 
on (100) planes. The GP zones formed parallel to 
the (11 1) matrix planes show internal order, and 
after prolonged ageing their structure becomes 
similar to that of the r/precipitates. According to 
investigations made on more concentrated alloys 
[19, 41] there is no evidence for the formation of 
two different types of GP zones. Kelly and Nichol- 
son [19] consider the internally ordered particles 
observed by Graf and others as 7'  precipitates. 

In an A1-2%Zn-2%Mg alloy after 5 rain ageing 
at 100~ or 2rain ageing at 150~ spherical 
particles of 2.5 nm diameter have been observed 
by high resolution bright-field electron microscopy 
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Figure 3 The upper temperature timit of GP zone formation, Th, and the dissolution line of GP zones, T~.Pss as a 
function of zinc concentration. (Numbers at the points indicate magnesium concentration.) 

[58]. The particles are coherent with the (1 1 1) 
planes of the matrix. Later on they transformed 
into the plate-fike ~' particles. Similar results were 
obtained by Brofman and Judd [61 ]. SAXS investi- 
gations on an A1-2%Zn-l.3%Mg alloy revealed 
one type of GP zones up to 60 ~ C, while between 
60 and 100~ fully coherent particles with two 
different average diameters have been observed 
[83]. Calorimetric investigations on the same alloy 
confirmed the coexistence of two types of particles 
in the temperature range between 60 and 100~ 
[64, 84]. Results of Ungar [83] show that at 
about 100~ the particles with larger average size 
coexist with the ~' precipitates and after reaching 
a definite size they can transform into the ~7' 
particles. Taking into account these results it 
might be of more consequence to consider these 
fully coherent precursors of the 77' phase as GP 
zones and to call them GPII zones to distinguish 
them from the ones formed near room tempera- 
ture [83]. 

To distinguish more definitely between these 
problems further work is needed, particularly by 
studying the structure changes in a wide range of 
temperatures and compositions. 

2.3.1.3. The ef fect  o f  quenching conditions on 
GP zone formation. The decomposition process at 
about room temperature in A1-Zn-Mg alloys 
sufficiently rich in magnesium was often found to 
be independent of the quench conditions applied, 
which means the temperature of the solution heat 
treatment, Tq, and the quenching rate, vq (see 
e.g. [60, 85-90]) .  As reported by Ryum [16, 57] 
even an interruption of the quench for 1 min at 
200 ~ C (step-quench) did not remarkably alter the 
change of the Vickers microhardness (HV) of the 
samples at room temperature (A1-2.8%Zn- 
1.24%Mg alloy). 

There are indications, however, that these state- 
ments hold only for the later stages of ageing, the 
early part of the decomposition process depends 
on the quench conditions [64, 89, 90]. In this sec- 
tion we summarize some characteristic results 
obtained in this field. 

In Fig. 4 the results of resistivity measurements 
performed on an A1-3%Zn-0.76%Mg alloy are 
presented [89]. The annealing temperature, Tq, 
was varied between 360 and 480 ~ C. The samples 
were quenched into water of temperature Ta, and 
the resistivity was measured in situ as a function of 
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time. In Fig. 4 the start and end times tb, and te, 
respectively, of the linear part of the R - I n  t curves 
are plotted as functions of the reciprocal tempera- 
ture. It can be seen that t b depends sensitively on 
Tq, but te is practically independent of it. The 
quench-sensitivity at the start of the decomposition 
was also confirmed by isothermal hardness measure- 
ments [90]. 

The effect of quenched-in excess free vacancies 
on the formation of GP zones at or near room 
temperature is not quite clear. Few authors have 
investigated this problem by systematic alteration 
of the vacancy concentration [85, 91 ]. According 
to many observations the quenched-in free 
vacancies have no significant effect on the for- 
mation of GP zones at or near room temperature. 
So it is widely accepted that, in contrast to the 
effect in binary A1-Zn alloys, the number of 
quenched-in free vacancies has practically no 
influence on the GP zone formation in ternary 
A1-Zn-Mg alloys [42, 87, 88, 92]. This difference 
is most probably due to the strong binding energy 
between vacancies and magnesium atoms. 

Apart from a relatively short initial period the 
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GP zone formation was observed to become 
significantly slower by adding magnesium to 
binary AI-Zn alloys [87, 93], from which it was 
concluded that the kinetics of zone formation is 
controlled by the motion of magnesium atoms. 
The probable reason for this is that most of the 
quenched-in vacancies are bound to magnesium 
atoms [39, 46, 85, 92, 94]. This is further 
supported by the fact that the activation energies 
observed in the early part of the zone formation 
process are all near to the migration energy of 
magnesium atoms in aluminium [8,53, 95]. On 
the other hand there are many observations 
according to which the zone formation starts with 
the formation of zinc or zinc-vacancy clusters 
[39 ,92-97] .  There are indications [98] that, 
probably as a consequence of the opposite size 
effect of the zinc and magnesium atoms in alumin- 
ium, a strong attractive interaction between the 
zinc and magnesium atoms is effective even at the 
solution-treatment temperature. This is supported 
by the observations of Juhfisz et al. [99] accord- 
ing to which solute clusters are forming within a 
few minutes after quenching in which the average 
Zn/Mg ratio is 4:1.  The further process is con- 
trolled by the migration of magnesium atoms or 
Zn-Mg-vacancy clusters [89], the activation 
energy of which is close to that of the magnesium 
atoms. 

2.3.1.4. The kinetics o f  GP zone formation. The 
kinetics of GP zone formation in A l -Zn-Mg 
alloys has been studied by many authors applying 
different methods, mainly electrical resistivity, 
hardness and SAXS measurements [53, 89,100, 
101 ]. The results, however, are rather contradictory 
concerning both the time dependence and the 
activation energy of the process. A possible 
explanation for this might be the different com- 
positions of the alloys investigated. 

Electrical resistivity of ternary A1-Zn-Mg 
alloys was found to increase continuously during 
room temperature ageing after quenching and in 
contrast to binary A1-Zn alloys a resistivity 
maximum could not be observed except in alloys 
with a very low Mg/Zn ratio [46, 85, 93] or with a 
high zinc content (about 6%) (e.g. [43, 44]). The 
hardness as a function of ageing time at room tem- 
perature starts with an incubation period then it 
increases linearly with the logarithm of time, there- 
after a plateau appears [31,42,102,103] .  After 
this another strong increase in hardness can be 



observed in special conditions [6, 18, 54]. Diinkeloh 
et al. [55] observed by SAXS measurements that 
the radius, r of the GP zones increased linearly with 

the logarithm of ageing time. The slope of the 
r - l n  t curve was independent of the concentration 
in the case of the A1-MgZn~ type alloys investi- 
gated. In many cases an r ~ t TM law is observed. 
According to the TEM investigations of  Lyman 
and Vander Sande [58] the mean size of  GP zones 
increases linearly with t v9 . 

According to experimental results at tempera- 
tures between room temperature and 60~ two 
stages in the formation of GP zones can be well 
distinguished [101]. In the very early stage both 
the integrated intensity of SAXS and the elec- 
trical resistivity can be described by a Cottrell-  
Bilby type kinetics. The duration of this stage 
is strongly influenced by the temperature of 
ageing and by the composition of the alloy. It 
changes between about 10 and 100 min. Plotting 
the logarithm of the time corresponding to the end 
of this stage as a function of the reciprocal of the 
ageing temperature, an activation energy of 0.62 
eV was obtained independently from the quench- 
ing conditions and from the alloy composition. 
Panseri and Federichi [85] have shown that the 
addition of as little as 0.1% Mg to the binary A1- 
Zn alloys is enough to raise the activation energy 
of the zone formation process from the value 
characteristic of  the zinc migration (0.4eV) to 
0.6eV. A similar conclusion was reached, for 
example, by Ceresara and Fiorini [53] on A1-- 
Zn-Mg alloys with 2 and 3% Mg. The value of 
about 0.6 eV is generally considered as the migra- 
tion energy of magnesium. Taking this into account 
and the fact that the SAXS is sensitive only to the 
clustering of zinc atoms one can conclude that 
both the zinc and magnesium atoms take part in 
this stage of the zone formation but the rate of the 
process is controlled by the motion of magnesium 
atoms. 

After an intermediate process a second stage is 
observed which can be described by an Avrami 
kinetics [101 [. 

A dependence of the reaction rate of the initial 
process on the zinc concentration was also observed 
which indicates that during quenching or immedi- 
ately after it small Zn-rich clusters are formed 
which become the nuclei of the GP zones. The for- 
mation of these clusters must have been finished 
within 1 min after quenching as after this time 
both zinc and magnesium atoms are migrating 

in the matrix. The process proceeds further by 
the formation of nuclei of zones on these clusters. 
The rate of this process is controlled by the 
migration of magnesium atoms and by vacancies 
bound to solute atoms or to solute atom clusters. 
In the next stage the zones are growing and the 
process is slowed down probably by the appear- 
ance of coherency strains and by the decrease in 
supersaturation. 

2.3 .2 .  The  rt' phase  
Graf [65] was the first to observe that the diffuse 
X-ray diffraction pattern characteristic of GP 
zones changes at about 80 to 100~ the (100) 
reflection disappears gradually while the (200) 
reflection becomes more and more pronounced. 
The structure of the precipitates becomes similar 
to that of the rbphase but it is not the same. Graf 
determined the structure of the ~/' transition phase 
[66], which is hexagonal with a = 0.496 nm, c = 
6 d [ l l l ] A  1 = 1.403 nm. Mondolfo et al. [20] deter- 
mined the lattice parameters of the ~/' precipitates 
as a = 0.496 nm, c = 0.868 nm. Results of Thomas 
and Nutting [21] confirmed the c-value of Mon- 
dolfo et al., whereas Auld and Cousland [104, 
105] confirmed the value obtained by Graf. 
Gjr and Simensen [7] as well as Auld and 
Cousland [104,105] interpreted r/' in terms of a 
monoclinic structure with a = b = 0.497 nm, c = 
0.554nm and 3' = 120 ~ In general for the com- 
position of the platelike ~/' particles MgZn2 is 
accepted, but according to Auld and Cousland it is 
better described by the formula Mg4ZnI1A1 [105]. 
They found the orientation relationships 

(ooo 1),~,11(i Y 1)A1; (i01"0)~'11(I 10)al. 
More recently Chou [106] has observed another 
orientation relationship for the case of  spherical, 
partially coherent ~/' particles having the same 
lattice parameters: 

(0010)n, IJ(100)4; (0001)n, ll(011)A1. 

According to Mondolfo et al. [20] the for- 
mation of the r~' transition phase starts by the 
segregation of alloying elements on stacking faults. 
As a consequence of the differences in atomic sizes 
coherency is gradually lost and the ordered struc- 
ture of the ~/-phase develops. This would mean 
that there is a continuous transition from the 
supersaturated solid solution to the precipitation 
of the r~-phase. 
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There are other investigators assuming that the 
nucleation of the r/' particles takes place at stack- 
ing faults [11, 21] but there is no direct obser- 
vation for this assumption, Embury and Nicholson 
[11] studied the nucleation of the 77' transition 
phase in an alloy containing 2.46% Zn and 3.2% 
Mg. They investigated the precipitate free zones 
(PFZ) along grain boundaries after direct quench- 
ing to the ageing temperature and concluded that 
in the case for a given alloy composition the 
vacancy concentration, Cv, has to reach a certain 
critical value, Cer, to make a quasi-homogeneous 
nucleation (a homogeneously distributed dense 
system) of the r/particles possible. According to 
Embury and Nicholson [11] the nuclei for the 
homogeneous r/' precipitation are vacancy-solute 
clusters (cf. Section 3.3). 

On the basis of microhardness measurements 
and TEM investigations carried out on an A1- 
2A%Zn-l.2%Mg alloy Ryum [57] assumes that 
nuclei of r/' particles consisting of very small 
vacancy-solute clusters are formed during the 
quenching or immediately after it at room tem- 
perature. These nuclei form within 5 sec after 
quenching and remain stable at low temperature 
ageing. They do not take part in GP zone for- 
mation, but they can serve as nuclei for r/' for- 
mation in a subsequent ageing at about 150~ 
even after a long period of pre-ageing. 

Radomsky et  al. [107] confirm the importance 
of vacancy-solute clusters in the nucleation of 
the 7/' precipitates especially in case of relatively 
low concentration alloys (Czn < 2.5%; CMg about 
1 to 2%), however, in contrary to Ryum [57] they 
observed changes in the number of the nuclei even 
during room temperature ageing. In the case of 
more concentrated alloys they find the GP zone --> 
z/' transition to be the dominant mechanism in ~7' 
formation. 

3. Decomposition processes in 
multiple-step ageing 

3.1. I nt roduct ion 
In the middle of the 1960s it had become increas- 
ingly apparent that the simple picture of pre- 
cipitate nucleation, namely, that the dispersion of 
precipitates is controlled by the solute super- 
saturation, is principally incorrect in three respects 
[ 11 ] : the degree of dispersion is 

(a) frequently very different in alloys of similar 
solute supersaturation, 
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(b) highly inhomogeneous both from one grain 
to another and within individual grains, and 

(c) sensitive in many alloys to the quenching 
rate, the time interval at room temperature before 
final ageing, the rate of heating to the ageing tem- 
perature, Ta, and the presence of trace elements, 
none of which appreciably affect the solute 
supersaturation. 

In the last two decades a large number of 
investigations were performed to obtain more 
insight into the nature of the decomposition 
processes of the A1-Zn-Mg alloys. In most cases 
the investigations involved two or more step ageing 
treatments. The results of such experiments have 
important practical applications. The main aim is, 
in general, to improve the mechanical properties 
of the alloys, for instance to find the best com- 
bination of ductility and strength [108] or to 
improve the fatigue endurance [109], and to 
decrease their stress-corrosion sensitivity. The 
multi-step ageing treatment can also help to avoid 
the diminution of the strength in polygonized 
materials [34]. 

The aim of this section is to summarize the 
main results obtained by the various authors in 
this field and to look for common features of the 
phenomena observed, which are sufficiently 
independent of alloy composition, technical 
impurities, variations of heat treatments and the 
methods of investigations applied. We shall try to 
check the validity of the different models proposed 
to explain the processes taking place during the 
various steps of multiple-step ageing treatments, 
and to find proper ordering principles characteristic 
to the alloy system. 

3.2. GP zones as potential nucleation sites 
for more stable phases 

The formation of nuclei of partially and fully 
incoherent precipitates needs more surface energy 
than the creation of coherent GP zones. It can be 
expected, therefore, that in one-step ageing the 
nucleation of 77' or equilibrium phases can take 
place first of all heterogeneously at favourable 
places like grain boundaries, dislocation loops and 
dislocations. GP zones nucleated and grown 
during a pre-ageing treatment can also be expected 
to act as nucleation sites for the heterogeneous 
formation of, for example, the @phase at suitable 
ageing temperatures. 

The fact that GP zones can act as potential 
nucleation sites of more stable precipitate particles 



provides the basis of double ageing treatments 
applied to A1-Zn-Mg alloys. The respective 
theories of such processes have been outlined by 
Lorimer and Nicholson [32] and Pashley and 
co-workers [110, 111]. Apart from small differ- 
ences, both theories are basically similar in their 
conclusions. One of the important predictions of 
these double-ageing theories is that the number 
of precipitates formed during the second step 
ageing is a function of the zone size distribution. 
The larger the average zone size and density, the 
greater the number of precipitates. 

The positive influence of the presence of GP 
zones on the @phase formation results from the 
fact that the number of zones as nucleation sites 
can be much larger than the number of r/' nuclei 
which would be formed in one-step ageing [112]. 

On the basis of this picture the role of 
quenched-in vacancies is considered merely to 
increase the rate of GP zone formation by acceler- 
ating the diffusion during pre-ageing. They prob- 
ably have no direct influence on the formation of 
@phase as assumed by many authors [11, 16, 39, 
57, 113-118]. We will return to the influence of 
vacancies on the nucleation of @phase precipitates 
in Section 3.3. 

3,2. 1. Indications o f  the direct sequence 
GP zones -* ~Lphase at Ta > Th 
(partial dissolution o f  GP zones, 
reversion) 

The strength of the alloy and the volume fraction 
of the GP zones in low concentration AI-Zn-Mg 
alloys age-hardened, for example, at room tem- 
perature rapidly decreases to the values correspond- 
ing to the as-quenched state when the alloy is 
heated up to a sufficiently high temperature for a 
short time. This phenomenon was first detected by 
few authors in the 1920s [119-122] and called 
"the reversion". Gerold [123] first considered the 
reversion as re-dissolution of GP zones. In speci- 
mens showing such a behaviour the GP zones 
formed during pre-ageing at temperature T,~ 
cannot act directly as nucleation sites for the 
@phase as proposed by Lorimer and Nicholson 
[32], because the GP zones are completely dis- 
solved before the nucleation and growth of the 
intermediate phase starts. These cases will be 
considered in Section 3.2.2. Here we deal with 
such cases, when the dissolution of zones and the 
formation of r/'-phase "overlap", which means, that 
the physical quantities measured after reversion do 

not reach the as-quenched level. We call this 
phenomenon "partial reversion". Whether a partial 
reversion is an indication for the direct sequence 
of GP zones @phase transformation (some over- 
critical) GP zones are directly transformed into r/' 
particles) or the dissolution of the individual zones 
is complete (i.e. true reversion takes place), but 
the nucleation and growth of r/' precipitates starts 
before the total dissolution of the zones, is an 
important problem. We shall discuss this problem 
in detail. Now we only summarize experimental 
indications for partial reversion in Table II. 

From Table II it can be concluded that partial 
reversion appears in A1-Zn-Mg alloys of great 
variations of alloy composition, pre-ageing tem- 
perature and time, and ageing temperature or heat- 
ing rate applied. Unfortunately most of the 
reversion experiments do not start from states 
characterized by the density, composition and 
size distribution of the precipitate particles, but 
in most cases the starting conditions are given by 
the ageing time and temperature, maximum 
resistivity or hardness and so on. This fact makes 
the interpretation of the results more difficult. 

Many authors explain the partial reversion 
presuming overcritically sized GP zones which can 
directly transform into nuclei of the @phase 
[e.g. 11, 20, 21,25, 28, 34]. Other authors assume 
that during pre-ageing two types of clusters, 
namely GP zones and vacancy-rich clusters of 
solute atoms [16, 57, 139] or GP zones and 
nuclei of the @phase [112, 140] are formed 
simultaneously. These nuclei of the @phase and 
the vacancy-rich clusters are both able to grow 
into r~' particles at elevated temperatures. It is 
also possible that during pre-ageing two different 
types of GP zones are formed (cf. Section 2.3.1.2) 
from which the less stable ones (GPI zones) dis- 
solve at the beginning of the second-step ageing, 
while the more stable ones (GPII zones) transform 
directly into r?' particles [83, 84, 141,142]. 

We shall discuss this problem in Section 3.5. 

3.2.2. Complete reversion 
Many authors (see Table III) reported that GP 
zones formed at T,~, completely dissolve at 
Y~> TR before the formation of@phase particles. 
Trt is called the temperature of reversion. This 
phenomenon is called complete reversion. In spite 
of the complete dissolution of the zones, such 
treatments often result in finely distributed ~7' 
particles, while in specimens directly quenched to 
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T A B L E I I Investigations showing partial reversion in A1-Zn-Mg alloys pre-aged at Tpr e < T h during subsequent 
ageing at T a > T h or during upheating from Tpr e to T a with a heating rate, v h 

ezn(%) eMg(%) tpre, Tpr e Methods T a or v h Quenching Reference 
treatment 

3.0 1.0 1.4.106 min SAXS 0-104  sec i h 480 ~ C [124 ] 

1.5 RT 110-130  ~ C H20(RT) 
2.9 

6.0 0.5 1 week SAXS, 100 ~ C 5 h 480 ~ C [ 125 ] 
1.3 50 ~ C HV, 130 ~ C H2 O(RT) 
2.2 R 150 ~ C 
3.2 

2.4 0.9 30 or HV 80-180  30 min 450 ~ C 
1.6 80 days T = 20 alcohol (0 ~ C) 
2.5 RT 

5.71 0.079 1 week SAXS, 165~ 135~ l h  460~ [44] 
5.76 0.29 50 ~ C TEM 135 ~ C HaO(0 ~ C) 
2.66 2.11 6 days mechanical 100-200  ~ C 3 h 440 ~ C [ 126 ] 

40 ~ C properties, H~ O(0 ~ C 
TEM max 1 min) 

4.5 0.2 l h  SAXS Vh = 0.5 Kmin  -1 30 rain 450~ [127] 
1.0 RT TEM, H20(RT) 
2.5 PAS 

4.5 1.0 1 to 60 days dilatometry v h = 5 K rain -1 30 min 450 ~ C [ 128 ] 
150 ~ C, H20(RT) 

4.5 2.0 interrupted, TEM 30 min 480 ~ C [ 129 ] 

3.0 SAXS, H 20(RT) 
continuous DTA, v h = 20 K min -1 
heating DSC, R 

4.5 2.0 60 days SAXS, v h = 80 Kmin  -1 30 min 480 ~ C [130] 
3.0 RT TEM, DTA, H20(RT) 

DSC, R 
TEM, HV 150 ~ C 2.46 1.24 5, 20 sec 400 ~ C 

1800 sec H20(RT) 
at RT 

2.45 2.24 1 min 21~ TEM, HV 175~ 1 h 475~ 
1 min 200 ~ C H20(21~ 

1 h 475 ~ C 
Oil (200 ~ C) 

2.6 2.8 Maximum of HV, 
9 h  175~ 

3.1 2.8 Maximum of HV, 

2.6 2.5 

2.12 1.14 

2.0 1.4 
4.5 2.5 

2.04 1.37 

HV [1311 

DSC V h = 10 K min -1 2 h 480 ~ C 
TEM, 

21 h 163 ~ C mechanical H20(RT) 
properties 

4 h  120~ 
4 h  168~ 

24 h 120 ~ C 
overaged state 

24 h RT; 
5h,  2 4 h , 9 6 h  

40~ 
24h/22  ro 40 ~ 
24 h 120 ~ C 
7 h - 6 0  days 

RT 

7 h - 6 0  days 

RT 

Calorimetry 

TEM 400,450,  
500~ 
H 2 O(0 ~ C) 

SAXS, TEM 30 min 30 min 480 ~ C [ 107 ] 
180 ~ C H20(RT) 

mechanical 
properties 
SAXS, R, 

mechanical 
properties 

[16,571 

[16,571 

[641 

2 h , 4 h  30rain 480~ [132] 
160~ H~O(20) 
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T A B L E  II  (continued) 

Czn(% ) CMg(% ) tpre, Tpr e Methods T a or v h Quenching Reference 
treatment treatment 

4.5 1.0 1 h - 6 0  days SAXS, 0 -1000  min 
RT TEM 150 ~ C 

4.5 2.0 1 h 100~ SAXS, TEM 140,160 
HV 180 ~ C 

4.5 2.5 1 min RT SAXS, TEM 120-200~ C 

HV, R 
2.4 1.1 0 - 9 0  days TEM, SAXS 

RT 
HB 

4.5 0.05 5 rain, DSC, TEM 
0.1 10 days, 7 days 
0.2 180 days 
0.5 
1.0 
1.5 
2.0 
2.5 
3.0 

2.52 2.87 100, 60 ~ HV, R, 
2.52 1.64 50, 70, 

I00 ~ C TEM 
2.3 1.2 70 ~ C, till 

HV = 1.05 
GPa 

2.6 3.2 100~ 1 h TEM 

2.4 2.9 95 ~ C, SAXS, R 
100h 

2.0 1.4 60 days RT SAXS, R 
+ 2 h 100 ~ C mechanical 

properties 

120,140~ 
160,180~ 
aircooling 
v h = 80 K min -1 

l h 4 9 0 ~  [1331 
H 20(RT) 
1 h 450~ [133] 
ra 
1 h 450 ~ C 
1 h 100 ~ C 
ra 
1 h 490 ~ C 
H~O(RT, 1 rain) [133] 
r~ 
i h 490 ~ C 
Oil (Ta); T a 
1 h 490~ [134] 

30 min 480~ [135] 
H20(RT) 

130,180~ 30 min470~ [136] 
120,150~ 

180~ 2h 500~ [18] 
H 2 O(0 ~ C) 

180~ 1 h 500~ [32] 
H20(RT) 

155~ 2h 460~ [1371 
H 2 O(0 ~ C) 

160 ~ 30 rain 480 ~ [138] 
H 20(RT) 

RT Room temperature. 
DSC Differential scanning calorimetry. 
DTA Differential thermoanalysis. 
HB Macrohardness. 
HV Microhardness. 
R Resistivity, electrical. 
SAXS Small-angle X-ray scattering. 
TEM Transmission electron microscopy. 

the  same ageing t e m p e r a t u r e  on ly  coarse  he te ro -  

geneous ly  d i s t r ibu ted  r/ '-phase par t ic les  are 

fo rmed .  This d i f fe ren t  b e h a v i o u r  clearly proves  

the  in f luence  o f  GP zones  on  @ p h a s e  f o r m a t i o n  

wh ich  means  t ha t  the  dissolving GP zones  m u s t  

leave b e h i n d  t races  o f  the i r  f o r m e r  ex is tence .  It  is 

very di f f icul t  to  o b t a i n  rel iable i n f o r m a t i o n  a b o u t  

the  mic ro s t ruc tu r e  o f  these  traces.  Due to this  

fact  n o  un ique  p ic ture  o f  the  na tu re  o f  these  

t races can  be f o u n d  in the  l i t e ra tu re .  Accord ing  

to  G r o m a  and  KovScs-Cset6nyi  [143]  as a conse-  

quence  o f  t rue  revers ion n o  large GP zones  exis t  

to  act as nuclei  for  the  p r ec ip i t a t i on  of  r/ '-phase 

and  so the  L o r i m e r - N i c h o l s o n  m o d e l  c a n n o t  

apply ,  bu t  the  t r a n s f o r m a t i o n  occurs  as fol lows:  

GP zones  ~ solid so lu t ion  ( u n d e r s a t u r a t e d  w i th  
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T A B L E I I I Complete reversion observations in Al-Zn-Mg alloys 

Czn(at %) CMg(at %) tpre, Tpr e Methods ta, T a Quenching Reference 
treatment 

1.34 2.49 60 days mechanical 10 sec-2 h 1 h 480~ [144] 
RT properties H20(RT) 

R, SAXS 120-200 ~ C 
2.68 4.0 120 days RT, X-ray 15 sec 200~ 480~ [8] 

14 days 50 ~ C H20(20 ~ C) 
2.04 1.37 Up to 180 days, R. SAXS, 2h 160~ lh  480~ [138] 

t -1  min, 10 rain TEM, 2 h or 4 h H20(RT ) 
120 min at mechanical, 160 ~ C 
80-200 ~ C properties 

2.08 1.26 12 h, 24 h mechanical 0-4  h 30 min 480 ~ C [ 141 ] 
60.80,100~ properties 140,160~ H20(RT) 

2.1 1.05 RT-100 ~ C 170-220 ~ C 2 h 500 ~ C [18] 
v h = 1Kmin -1 H20(0~ C) 

3.0 1-3 3 years SAXS 120 ~ C i h 480 ~ C [ 124 ] 
2.5 2.8 RT H:O(RT) 
2.5 1-3 60 days DSC v h = 80 K min -1 1 h 480 ~ C [80] 

RT H20(RT ) 
1.4 2.7 1 year R 155 ~ C I h 470 ~ C [143 ] 

RT H20(0 ~ C) 

For explanations of R, DSC, etc. see footnotes to Table II. 

respect to GP zones and supersaturated with 
respect to r/'-phase) ~ @phase. It is possible that  
the @phase nucleates heterogeneously on the 
small clusters produced in the final stage of  dis- 

solution o f  the zones; this might explain the 
effectiveness of  two.step ageing. From combined 
investigations of  the volume fraction of  zones, f ,  
the electrical resistivity, R,  and the yield stress, Y, 
during reversion .of a relatively low concentrat ion 
alloy it was concluded [138, 144, 145] that the 
zones dissolve completely,  but  the reverted state 
is not  due to a homogeneous solid solution. It is 
plausible to make the assumption that concen- 
trat ion fluctuations rich in zinc and magnesium 
will be left behind by the zones. The alloy can be 
considered in a quasi solid solution state. This 
means that  in the reverted state o f  the alloy both 
the SAXS and R behave as in the solid solution 
state and only the mechanical propert ies (Y did 
not  drop abruptly like f and R to the solid 
solution state, but  smoothly) indicate that this 
kind of  solid solution is not  homogeneous. 

According to Gerstenberg [ 124] the dissolution 
of  GP zones starts with the decrease of  their zinc 
content ,  the rate of  which decreases with the 
increase of  the size of  zones. This means that  small 
dissolving GP zones can cause a high local super- 
saturation of  the matrix,  which is diminished by 
the formation of  @phase.  The local enrichment 
o f  solute atoms in the vicinity of  the dissolving 
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zones can play therefore an important  role in the 
formation of  r/-phase. 

In Table III  results of  investigations indicating 
total  reversion during two-step ageing as well as 
during continuous heating are summarized. From 
Tables II and III it  can be concluded that  speci- 
mens quenched to room temperature and aged 
for a certain time become totally reverted if the 
zinc content  does not  exceed about  2.5%. How- 
ever, applying higher pre-ageing temperatures 
(between 40 and 100 ~  [18, 64, 109, 138] or 
air-cooling to room temperature followed by 7 day 
storage at room temperature [146] specimens 
having zinc contents less than 2.5% (down to 
about  2.1%) become also only partially reverted. 
This means that the stability of zones against 
reversion heat  treatments depends on the pre- 
ageing treatment (quenching or cooling to room 
temperature,  pre-ageing temperature)  or in other 
terms, on the size distribution and probably the 
composit ion of  GP zones. The stability of  GP 
zones during reversion will be discussed further 
in Section 3.5. 

3.3, Vacancy-rich clusters as nucleation 
sites for the rt'-phase 

Several authors interpreted the differences of  the 
precipitate structures obtained after direct quench, 
DQ, and indirect quench, IQ, to Ta assuming that 
in the latter case agglomerates of  vacancies and 



alloying atoms (called vacancy-rich clusters, VRC) 
are formed in the vicinity of room temperature 
either during the quench and/or during short 
ageing times (order of 10sec), which can act as 
nucleation sites for the @phase (or even rbphase) 
during ageing at T a [16, 57, 112, 118, 140]. It is 
generally accepted that pre-ageing times of 30 sec 
or less are not sufficient to form GP zones in 
alloys with zinc content lower than about 4% 
which could influence the r/' formation, thus some 
other type of nucleation sites must exist at T a. 

Contrary to AI-Zn alloys, A1-Zn-Mg alloys 
are rather insensitive to the quenching conditions 
(quenching temperature 
vq) in the temperature 
Hardy [147], Polmear 
explained their results 

Tq, and quenching rate, 
range of natural ageing. 
[311 and Gould [148] 
on the decomposition 

kinetics of A1-Zn-Mg alloys in dependence on 
Tq and Ta assuming that magnesium atoms are 
surrounded by clouds of zinc atoms and these 
complexes can trap vacancies. These complexes 
can be stable even at temperatures above the 
solubility limit. This is also supported by the 
correlated evaporation of zinc and magnesium 
atoms from AI-Zn-Mg alloy [98]. Hart [113] 
explained his experimental results by assuming 
that small groups of solute atoms and vacancies 
are diffusing. They can migrate like an "amoeba" 
and gradually agglomerate to form large clusters 
which are precipitate nuclei. The number, size 
and distribution of the clusters is assumed to be 
a function of the special heat treatment applied. 
The existence of clusters rich in vacancies has 
been supported recently also by positron life- 
time and Doppler broadening measurements on 
A1-4.5%Zn-0.2 and 2.5%Mg alloys [149]. The 
results could be explained by assuming, that the 
positrons are trapped by complexes containing 
vacancies and solute atoms, and that the surround- 
ing of the vacancies is rich mainly in zinc. These 
conclusions were later confirmed by other 
measurements [ 127]. 

Embury and Nicholson [11] investigated an 
AI-5.9 mass %Zn-2.9 mass %Mg alloy by means of 
TEM applying ageing between 80 and 180~ 
after DQ and IQ with two different cooling rates. 
The slower quenching rate (oil quench) resulted 
in a much coarser particle distribution after one 
hour ageing at 180~ compared to the samples 
quenched into water. They interpreted these 
results by the formation of VRC during rather 
short times (less than 30 sec) at room temperature 

the number of which depends sensitively on the 
quench procedure. These clusters are remarkably 
stable at 180 ~ C (explained by the existence of a 
large binding energy between the vacancies and the 
groups of solute atoms) and can act as nucleation 
sites for metastable or stable phases. 

According to Gjennes and Simensen [7] after 
IQ to 130 and 150 ~ C the @phase is present in an 
A1-Zn(5.77 mass %)-Mg(1.08 mass %) alloy, but 
not after a DQ treatment. 

Holl [34] investigated an A1-5.48 mass%Zn- 
1.76 mass %Mg alloy by TEM and HV measure- 
ments applying different pre-ageing times at room 
temperature followed by an ageing at 80, 120 or 
165~ (Th= 120~ in this alloy). The results 
of the long-time pre-ageing experiments were 
explained by the nucleation of @phase at over- 
critical size GP zones. The nuclei produced during 
quenching (and during very short pre-ageing times 
at room temperature) are different from the zones 
since an induction period is required after quench- 
ing before the room temperature pre-ageing exerts 
an effect on the development of HV during sub- 
sequent ageing. These additional nuclei most likely 
consist of some form of vacancy aggregates or 
vacancy-solute atom complexes. It is worth men- 
tioning that the room temperature pre-ageing has 
no effect on the further ageing at 80 ~ C. 

Few years later Ryum [16, 57] interpreted the 
results of TEM and HV investigations made on an 
A1-2.48%Zn-1.24%Mg alloy also by the existence 
of some nuclei different from GP zones. This 
conclusion was based on the fact that a DQ to 
T a = 150~ T h yieldsno increase in hardness 
during ageing, but only 5 sec at room temperature 
after quenching is sufficient to result in good hard- 
ness values after proper ageing at 150 ~ C, although 
the incubation time at room temperature for a 
remarkable increase in hardness amounts about 
1000sec. The existance of nuclei for r/' particles 
formed at room temperature just after quenching 
was recently demonstrated by Kov~ics-Cset6nyi 
and Ryum [150] applying direct and interrupted 
(at 200~ quench to room temperature and 
measuring the hardness of an A1-6mass%Zn- 
1 mass %Mg alloy after ageing for 4 h at 150 ~ C. 

Zahra and co-workers [64, 139, 151] studied an 
A1-2.12%Zn-l.26%Mg alloy by means of TEM 
and microcalorimetric investigations. They found 
that above 115 ~ C the dispersion of the r/particles 
depends on Tq (varied between 400 and 500 ~ C), 
even after longer pre-ageing at Tp~ = 40 ~ C. In 
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agreement with Ryum [16, 57] they concluded 
that VRC different from ZnV- and MgV-pairs, 
were quenched-in which are inactive but stable 
at low temperatures (near room temperature), and 
become active only at elevated temperatures as 
nucleation sites for the r/ particles. These com- 
plexes are fairly stable and are not annealed out 
during short reversion treatments at 200 ~ C, but 
they disappear during long term ageing near 
room temperature. The complexes are absent 
after interrupted quench, slow cooling to 
room temperature or quench to temperatures 
above 100~ [151]. It seems worth mention- 
ing that Zahra et al. [64, 151] found evidence 
that the formation of rbphase is also influenced 
by these quenched-in nuclei. 

De Ardo and Simensen [152] found no indi- 
cation of nucleation sites for the ~TLphase in an 
A1-6.8 mass %Zn-2.32 mass %Mg alloy after 
quenching from 465~ into oil at room tem- 
perature (holding time 10sec) and subsequent 
ageing at elevated temperatures. 

Kov~cs et al. [ 138] investigated an A1-2.0%Zn- 
1.4%Mg alloy by means of SAXS measurement 
of f ,  electrical resistivity, R, and yield stress, Y 
measurements applying different pre-ageing times 
at room temperature and a subsequent ageing of 
2h  at 160~ (>Th) .  The results obtained for 
these three quantities after the end of the 2h 
ageing treatment at 160~ are shown in Fig. 5. 
It can be seen that a minimum occurs after about 
30rain pre-ageing time at room temperature in 
each of the measured quantities. In order to clarify 
the reason of these minima TEM micrographs were 
taken after DQ to 160 ~ C as well as IQ to 160 ~ C 

~ 200 
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Figure 5 Yield stress, Y, volume fraction of r~' precipitates, 
f, and change in electrical resistivity, zXR, obtained at 
160~ during two hours, as functions of pre-ageing time 
at room temperature. 
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[107]. In the latter case the pre-ageing time at 
room temperature was varied between 1 min and 
6h. Subsequently the samples were aged for 2h 
at 160 ~ C. The results obtained after room tem- 
perature ageing for l min, 30min and 6h  are 
shown in Fig. 6. These results clearly indicate 
that minima of the parameters in Fig. 5, coincide 
with the absence of precipitates (gap of precipi- 
tation, see especially Fig. 6c). The absence of 
precipitates is also observed after DQ to 160~ 
(Fig. 6a). However, if the ageing time after IQ at 
room temperature is shorter (Fig. 6b) or longer 
(Fig. 6d) than 30 rain, the formation of r/-phase 
at 160 ~ C is possible. 

Investigations done in a similar manner on an 
A1-4.5%Zn-2.5%Mg alloy (only the ageing was 
performed at 180 ~ C >  Tn = 170 ~ C) gave no sign 
on a gap of precipitation (see Fig. 7). However, in 
alloy A1-2.3%Zn-l.3%Mg a small indication of 
such a gap was observed [146]. 

These results can be explained on the basis that, 
both VRC and GP zones formed at room tempera- 
ture can serve as nucleation sites for the r/ par- 
ticles. The VRC have an important effect in the 
nucleation of the r?' particles only if the time of 
pre-ageing at room temperature is relatively short. 
As demonstrated in Fig. 6a, this type of nuclei 
do not form when the alloy is directly quenced 
to 160 ~ C. The role of VRC in the formation o f t /  
precipitates is relatively more significant in the 
case of lower concentration alloys, particularly 
at the beginning of the room temperature process. 

According to Katz and Ryum [118] below the 
dissolution line of GP zones both the zones and 
VRC can act as nucleation sites for r/, but above 
the dissolution line, up to the range of hom- 
ogeneity, only VRC are effective. 

It can be assumed that the number of VRC is 
decreasing with increasing pre-ageing time at room 
temperature most probably because they anneal 
out. The amount of zones providing nucleation 
sites for ~1' particles increases with increasing 
pre-ageing time and zinc content. The density of 
nucleation sites for the r/' particles as a function 
of pre-ageing time at room temperature with the 
zinc content as a parameter is schematically shown 
in Fig. 8 [107,138,146].  

The fact that a gap of precipitation exists 
in the low concentration A1--Zn-Mg alloys 
seems to be the most reliable proof that VRC 
really play an important role in the nucleation 
of the ~'-phase. 



Figure 6 TEM micrographs of an A1-2%Zn-I,4%Mg alloy after 2h ageing at 160~ following DQ to 160~ (a); 
quench to room temperature and 1 rain (b), 30 rain (c) and 6 h (d) pre-ageing at room temperature. (The marks indicate 
250 rim.) 
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Figure 7 TEM micrographs of an A1-4.5%Zn-2.5%Mg alloy ~t'ter 30min ageing at 180~ following quench to room 
temperature and 15 min (a), 3 h (b), 12h (c) and 3 days (d) pre-ageing at room temperature [1071. (The marks indicate 
250 rim.) 
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Figure 8 Schematic representation of the 
number of nucleation sites for the r/ par- 
ticles in dependence on pre-ageing time at 
room temperature for the case of 3 differ- 
ent AI-Zn-Mg alloys containing 4.5, 2.3, 
2.0% Zn and 2.5, 1.3, 1.4% Mg, respectively. 
(gin,: number of r/' particles; 6~p: number 
of GP zones suitable for r/ nucleation; 
6VRC: number of VRC.) 

3.4. The effect of impurity atoms on the 
nucleation 

The technical A1-Zn-Mg alloys always contain 
additional elements. Some of them are purposely 
added in order to decrease the sensitivity of the 
alloy against stress corrosion, to obtain a fine 
grained material and so on. We do not deal with 
these problems, but only refer to the role of such 
minor elements in the nucleation processes of the 
metastable phases. We intend to summarize only 
some main features. 

The impurity atoms may influence the decom- 
position processes for example in the following 
manner: they 

(a) may form precipitates and sometimes con- 
sume alloying elements (for example Mg2Si), 

(b) can stabilize the GP zones (for example 
silver [ 153 ] and copper [44]), 

(c) can decrease the formation energy of meta- 
stable precipitates (for example, lithium in A1Cu) 
and 

(d) can capture vacancies retarding in this 
manner the formation rate of GP zones (e.g. Si, 
V, Ti) [154]. 

Following Polmear [155] and Vietz et al. 
[156] Stefanovich [126] investigated the effect of 
silver on the ageing process of M - Z n - M g  alloys. 
He investigated an A1-2.7%Zn-2.1%Mg alloy 
(produced from 5N material) with and without 
0.05% additional silver. The addition of silver 
resulted in a good strength after ageing between 
100 and 200~ regardless of pre-ageing. This 
means that silver shifts up the temperature of 
the homogeneous nucleation of r/' particles. An 
increase in the plasticity of the alloy was also 
observed. 

Barczy and Gacsi [157, 158] examined the 
influence of silicon additions (0.002 and 0.10 
mass %, respectively) on the decomposition behav- 
iour of an A1-4.6 mass %Zn- l .5  mass %Mg alloy. 
Influence of silicon on the decomposition processes 
was found only between 100 and 225 ~ C. The 
results show that simultaneous formation of 
Zn-Mg and Mg-Si particles takes place in this 
alloy. The existence of Mg-Si particles is shown 
by the facts that the reversion is only partial at 
140~ and the alloy containing 0.1mass%Si 
shows a remarkable increase in hardness after DQ 
to 150 ~ C. 

The increment of hardness due to silicon 
additions after DQ was confirmed also by the 
investigation of an A1-4.52 mass %Zn-1.15 mass % 
Mg-0.43 mass%Si alloy (ageing at 160~ [159]. 
An increase in the yield stress of an A1-3.2 mass % 
Zn-2.2mass%Mg-0.25mass%Si alloy at Ta>  
80~ was also explained by the additional form- 
ation of Mg:Si-clusters [100]. However, from these 
measurements it cannot be uniquely concluded 
that the additional increment of hardness arises 
alone from the formation of Mg2Si particles 
(because their amount seems to be too small 
related to the increase in the hardness), but a role 
of silicon or MgSi-clusters as nucleation sites of 
the r~' particles is also possible. 

The influence of titanium on the decomposition 
processes in A1-Zn-Mg alloys and the width of 
the precipitate free zones (PFZ) was investigated 
recently by Judd and his co-workers [160-163]. 
It was found that the coarsening of precipitate 
particles is remarkably retarded in titanium con- 
taining alloys. They explained this behaviour by 
assuming that titanium retards the kinetics of 
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precipitation in A l -Zn-Mg alloys by inhibition 
of solute diffusion in the matrix. It was also 
observed that in titanium containing alloys the 
width of the PFZ is considerably smaller (about 
three times) compared to the pure alloy [163]. 
From this result they concluded that titanium 
atoms narrow the vacancy depleted region near 
the grain boundaries relative to the ternary alloy 
which is probably a consequence of a strong inter- 
action between vacancies and titanium atoms. 

Bryant [164] studied the effect of copper, 
chromium and manganese upon the quench 
sensitivity of A1-Zn-Mg alloys (zinc content 
between 4.4 and 6.6 mass % and manganese content 
between 1.0 and 2.6 mass%). Little or no quench 
sensitivity was observed in the simple ternary 
alloys. The addition of copper, chromium or 
manganese makes the alloys with larger magnesium 
concentration (2.5 mass%Mg) quench sensitive, 
but the alloys with a lower magnesium concen- 
tration (1 mass%Mg) remain insensitive. It was 
concluded that at large magnesium concentrations 
these additional elements enhance the formation 
of incoherent phases during the quench. 

Recently Gerlach and L6ffler [165] investigated 
an A1-2.0%Zn-l.3%Mg alloy with and without 
technical impurities after DQ. The results show 
that in the alloy with additional elements clusters 
of the impurity atoms can act as nucleation sites 
for the heterogeneous formation of ~' precipitates. 

A maganese addition increases significantly the 
strength of the AI -Zn-Mg alloys. It is probable, 
however, that manganese does not influence the 
formation of ZnMg clusters but increases the 
strength independently from the ZnMg particles 
[166, 167]. 

According to Szentirmay and Groma [168] 
FeSi clusters play an important role in the nucle- 
ation of the @phase. 

As a summary it can be concluded that clusters 
of impurity atoms can act as nucleation sites for 
the formation of metastable and stable phase 
particles. 

3.5. Influence of the pre-ageing 
temperature on the stabil ity of 
GP zones against reversion 

In this section we summarize experimental results 
which show that the partial reversion is connected 
with the existence of GP zones able to transform 
directly into 7' particles. 

Only a little information is available about 
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the stability of the zones against reversion as 
regards the dependence on the pre-ageing tem- 
perature. Asano and Hirano [18] investigated an 
A1-5.06 mass %Zn-0.94 mass %Mg alloy by means 
of DSC and HV measurements. They observed 
that both the rate and degree of reversion at 
180~ depend considerably upon Tp~e. After 
pre-ageing at room temperature the hardness 
decreased to the as-quenched value within 20sec, 
while after 40~ pre-ageing it took 300sec and 
complete reversion of the hardness did not take 
place on applying Tp~e = 70 ~ C. 

Prasad and Mallik [136] investigated A1-5.9 
mass %Zn-1.43 mass % and 2.5 mass %Mg alloys by 
means of resistivity and HV measurements. After 
pre-ageing the samples at 60 and 100 ~ C until the 
maximum of resistivity had been attained a 
reversion treatment was applied at 180~ (alloy 
containing 2.5 mass %Mg). After both pre-ageing 
treatments the reversion took place within 2rain 
at 180 ~ C. The maximum hardness of samples 
after ageing at 180~ did not change for longer 
pre-ageing times than that belonging to the 
maximum of  resistivity. This means that the 
further increase of the zone size did not result 
in an increase of the maximum hardness. 

Lorimer and Nicholson [32] found also that 
the density of precipitate particles obtained during 
ageing at 180~ increased with pre-ageing time 
only up to 30rain at I00 ~ C. 

Korngiebel et  al. [ 169 ] investigated the influence 
of pre-ageing temperature on the hardness of an 
Al-2.0%Zn-1 .l%Mg alloy during ageing at 
160 ~ C. The result is shown in Fig. 9. It can be 
seen that in the alloy pre-aged at room tempera- 
ture a larger amount of GP zones is dissolved than 
in the sample pre-aged at 70 ~ C. Furthermore the 
specimen pre-aged at 70~ is less sensitive to 
overageing than the sample pre-aged at room 
temperature. 

Kawano et  al. [48] investigated the influence 
of the pre-ageing temperature on the reversion 
behaviour at 180~ of an Al-2.8%Zn-l .4%Mg 
alloy by means of SAXS and HV measurements. 
They found that pre-ageing both at room tempera- 
ture and at 80 ~ C, the ageing at 180 ~ C results in 
finely distributed precipitates. The mean size of 
the precipitates attained after heat treatment at 
180~ as a function of pre-ageing time is given 
in Table IV. 

Although the size of the zones attained during 
pre-ageing treatments was not established in 
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Figure 9 Changes in microhardness of an A1-2%Zn-l.l%Mg alloy during ageing at 160~ after 7 days pre-ageing at 
room temperature (open circles) or 32 h pre-ageing at 70~ (full circles) [169 ]. 

T A B L E I V Mean radius of the precipitates, rG, after 
ageing at 180~ up to hardness maximum [48] 

Radius Pre-ageing conditions 
(nm) Temperature/time 

8.0 RT/10 rain 
6.2 RT/4 h 
5.2 RT/7 days 
5.4 80 ~ C/5 min 
4.4 80 ~ C/48 h 

general, one can conclude that the increasing 
stability of  the zones against reversion with 
increasing Tp~ is probably due to the increase 
in the mean size of  the zones. 

To study the effect of  the mean particle size 
on the stability of  zones an A1-4 .5%Zn-2%Mg 
alloy was recently investigated [41] applying 
pre-ageing between room temperature and 100~ 
for ageing times to reach an average size in each 
case of  1.3 and 2.7nm. For the reversion treat- 
ment  the temperatures were selected between 
160 and 200 ~ C. As it can be seen from Fig. 10 
during reversion treatment  at 160~ three stages 
of  the precipitation process can be distinguished. 
In stage 1 r G remains approximately constant and 
Q0 is decreasing. The same behaviour of r a and 
Qo was observed by Gerstenberg [124] investi- 
gating the reversion of  A 1 - 2 . 5 % Z n - l . 0 - 2 . 9 % M g  
alloys. In this stage the main process is the dis- 
solution of the unstable zones. 

In stage 2 the size of  precipitates starts to 
increase and Qo is also increasing up to about 
85% of  its maximum value. From these findings 
it can be concluded that in this stage the precipi- 
tates grow, at the expense of  the zones dissolved 
in stage 1. 

In stage 3 the growth rate of the precipitates 
becomes independent of  the initial size of zones 
(Fig. 11) [41]. 

In Fig. 11 the change of  r G and Q0 is shown as 
a function of ageing time at 180 ~ C. The samples 
were pre-aged at 100~ to various sizes. From 
these results it can be concluded that the larger 
the size of  the precipitates formed at a given pre- 
ageing temperature the smaller is the amount of  
the dissolved zones, resulting in their higher 
stability against reversion. In Fig. 12 r G and Q0 
are shown as function of  ageing time at T r = 160, 
180 and 200~ for samples with initial Guinier 
radii of  particles r G = 1.3 -+ 2 nm (Fig. 12a) and 
rG = 2.7 -+ 0.3 nm (Fig. 12b) formed during pre- 
ageing at 100 ~ C. It can be seen from this figure 
that starting with r = 2 .7nm and applying 
T~= 160~ no decrease i~ integral intensity 
appears but  starting with ra  = 1.2nm and/or  
applying a higher T~, Qo first decreases. This means 
that the stability of  the particles formed during 
pre-ageing increases with increasing average size. 
The increase of  the average particle size starts 
after a relatively long incubation period. This 
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Figure 10 Changes in Guinier radius, r G and in the integral intensity, Q0, during 160~ reversion heat treatment of an 
AI-4.5%Zn-2%Mg alloy pre-aged at room temperature, 60, 80 and 100 ~ C, respectively, to reach an average particle 
size ofr G = 1.2 -+ 0.1 nm [41]. 

means that precipitates grown at 100~ probably 
need some change in their internal structure 

before they start to coarsen by the Ostwald 
ripening process. 

From these observations it is very probable 

that a critical size of precipitates exists at each 

Tr above which the particles are stable against 

dissolution. The critical size increases with 

increasing T r. For T r = 160~ this critical value 

in the alloy investigated is between 2.0 and 2.7 nm 

and at T~ = 180 ~ C it is higher than 2.7 nm. 

3.6. Reversed  t w o - s t e p  age ing  

The reversed two-step ageing is an ageing sequence 

in which the second ageing step is made at a lower 
temperature than the first one. Embury and 

Nicholson [11 ] investigated an A1-5.9 mass % Z n -  

2.9mass%Mg alloy quenched directly to 180~ 

�9 . - ~ ,  a - . - , ~ -  - 9 too ~" ' - z~ . ' , - ' -~-- ~ t irGnc = t Ooin 

1 ~ 1  ~ inc rain . ,  _ I I I 

0 10 0 101 10 2 
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80 

4O 

2O 

ot 180~ (mit ) 0 

103 

Figure 11 Changes ofr G and Q0 during 180 ~ C reversion heat treatment of samples pre-aged at 100 ~ C to reach different 
average initial radii of the zones. 
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for 3 h  and subsequently aged at 135 ~ After 
the final ageing they observed two types of  
precipitates, namely lath shaped r~' formed on 
dislocations at 180 ~ C, and fine precipitation of  
the ~7'-phase formed at 135 ~ C. They interpreted 
this observation by the existence of  VRC which 
survive the treatment of  3 h  at 180 ~ The 
stability of  these nuclei is explained by the strong 
binding between vacancies and groups of  solute 
atoms. 

The stability of  some nuclei is also confirmed 
by cooling experiments (cooling rate 3 K m i n  -1) 
performed with two A I - 4 . 5 % Z n - 2  ~ 3%Mg alloys 
[170]. It was observed that after passing Th a 
dense system of  GP zones was formed indicated 
by the steep increase of  both SAXS intensities 
and extra-resistivity (see Fig. 13). 

The microhardness of  an A1-2.0%Zn-l .3%Mg 
alloy with technical impurities was investigated 
after direct quench as a function of  ageing time at 
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Figure 12 r G and Q0 against ageing time at T r = 1 6 0 ,  180 and 200 ~ C for samples with initial Guinier radii of particles 
r G = 1.3 + 0.2 nm (a)and r G = 2.7 -+ 0.3 nm (b), T p r  e = 100 ~ C, 
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Figure 13 Changes in SAXS intensities, Q0, and in extra 
resistivity, R, during 3 K rain -I cooling of AI-4.5%Zn- 
2 ~ 3%Mg alloys [170]. 

T a = 70, 100, 110 and 160~ with and without 
further ageing at room temperature for 42 days 
[171]. The results are shown in Fig. 14. It can be 
seen that the hardness attained during room 
temperature ageing, does not depend on the 
previous ageing time if it is less than the incu- 
bation period. This means that no such structure 
changes take place during pre-ageing which could 
influence the room temperature ageing. Samples 
pre-aged up to T a = 90 ~ C show normal behaviour 

after 42 days ageing at room temperature, but 
the specimens aged at Ta = 100~ for periods 
somewhat longer than the incubation time show a 
distinct minimum after 42 days room temperature 
ageing . This is probably a consequence of the 
formation of @phase or of  spherical hexagonal 
zones [58, 106] during pre-ageing decreasing 
therefore the amount of  GP zones formed at 
room temperature. 

3.7. Precipitate free zones 
Precipitate-free zones (PFZ) are often observed in 
the vicinity of  grain boundaries in age hardenable 
alloys. Due to their effect on the stress corrosion 
and mechanical properties of  A1-Zn-Mg alloys 
the formation of  PFZ was studied by many 
authors. The most important literature is listed 
in [172]. The formation of PFZ was originally 
attributed to the depletion of  solute atoms caused 
by preferential precipitation at the grain bound- 
aries [32, 78, 173-176] .  However, it was pointed 
out that the local depletion of vacancies in the 
neighbourhood of grain boundaries might also be 
important in the formation of PFZ [11, 21, 32, 
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Figure 14 Changes in microhardness of an A1-2% Zi: t.3% Mg alloy of technical purity in dependence on the ageing 
time at 70~ (o), 100~ ( ) ,  110~ (u) and 160~ (o) without (open symbols)and with 42 days postageing at room 
temperature (full symbols) [ 171 ]. 
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78, 177-179]. According to Taylor [114] and 
Embury and Nicholson [11] the vacancies are 
important because a critical concentration is 
required for precipitate nucleation. The import- 
ance of both solute and vacancy concentration 
profiles in PFZ formation was emphasized in 
terms of the thermodynamics of precipitate 
nucleation and GP zone formation [28, 32, 178, 
180]. An alternative explanation taking into 
account both vacancy and solute profiles in 
determining the width of PFZ was advanced by 
Pashley and co-workers [29. 110] considering 
the kinetics of precipitation. 

More recently the solute concentration profiles 
could be directly determined by monitoring the 
plasmon loss of the electron beam in a TEM [ 181-  
184] by Auger electron spectroscopy (AES)[185] 
and by X-ray microanalysis [172, 186]. In the 
as-quenched samples an appreciable segregation 
of both zinc and magnesium atoms to the grain 
boundaries was observed. The AES plasmon loss 
results show [185] that in case of over-aged 
samples the zinc atoms in the PFZ are practically 
all in the form of MgZn2 precipitates, while only 
about 40% of total magnesium is in the precipi- 
tates, the other 60% of magnesium being localized 
to within a few atomic layers of the grain bound- 
ary. The analysis of solute profiles in A1-Zn-Mg 
alloys indicate no significant solute depletion prior 
to ageing in the regions where PFZ are to be formed. 
This observation shows that the initiation of PFZ 
is primarily due to the vacancy concentration and 
the absence of precipitation is mainly due to the 
difficulties of nucleating precipitate particles 
directly from the supersaturated matrix [172]. 
Because of the absence of precipitation in the 
PFZ the solute concentration of the matrix in 
the PFZ remains for relatively long ageing times 
higher than that in the grain interior. On the other 
hand due to the grain boundary segregation and 
to the relatively easy heterogeneous nucleation 
of grain boundary precipitates the solute concen- 
tration becomes low in the immediate vicinity of 
grain boundaries. As a consequence of this a 
maximum appears in the matrix solute concen- 
tration profile near the border of the PFZ [18, 
172, 185, 186 ]. The concentration gradients result 
in a diffusion flux towards the grain interior as well 
as towards the grain boundaries. Consequently the 
precipitates at the PFZ boundaries and i 9 the grain 
boundaries attain larger average dimensions than 
the particles in the grain interior. 

4. Conclusions 
In this review an attempt has been made to discuss 
briefly some of the more important aspects of the 
characteristics of the decomposition processes in 
A1-Zn-Mg alloys. As a summary of the results 
discussed the following conclusions can be drawn. 

After quenching to ageing temperatures, 
Ta < Th the decomposition of the supersaturated 
solid solution starts with the nucleation and 
growth of GP zones. The upper temperature limit 
of GP zone formation, T h depends on the alloy 
composition and is between about 100 and 180 ~ C. 

Disregarding the very early stage of the decom- 
position the kinetics of GP zone formation is 
independent of the quenching conditions. It can 
be supposed that the growth of the zones is 
governed by the movement of MgV pairs. 

Up to about 60~ only GP zone formation 
can take place. Between about 60~ and Th the 
formation of both GP zones and @phase particles 
takes place. T~ere are indications that in the latter 

\ 
temperature range two types of GP zones can 
exist in alloys low in magnesium (<  0.5%) or in 
zinc (<  3%) content. In alloys richer in magnesium 
and zinc only one type of GP zone seems to exist. 
Near Th spherical hexagonal zones can also be 
observed. 

The nucleation of the @phase most probably 
can take place only at preferred nucleation sites. 
Such nucleation sites can be the following: 

(a) concentration fluctuation left behind by 
dissolving GP zones in low concentration (Czn ~< 
2.5%) alloys 

(b) GP zones of overcritical size 
(c) quenched-in clusters rich in vacancies 
(d) impurity atom clusters. 

The dispersion of the 7' particles formed during 
ageing at temperatures, T > T h depends sensitively 
on the quench conditions (amount of VRC) as 
well as on the pre-ageing treatment (size distri- 
bution of the GP zones). 

A dense system of finely distributed r~' particles 
which yields good strength and narrow precipitate 
free zone can be obtained by pre-ageing the 
samples at T <  Th for times sufficient to reach a 
suitable size of GP zones and applying a final 
ageing at temFeratures T >  T h ( T ~  T h + 30K). 

Impurity atoms can assist the nucleation of the 
@phase but it has to be taken into account that 
in such cases intermetallic phases can also be 
formed which may trap zinc and magnesium 
atoms. 
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The s tab i l i ty  o f  the  GP zones  against  revers ion 

h e a t  t r e a t m e n t s  increases  w i th  increas ing zone  

sizes. 

F ina l ly  i t  can  be s t a t ed  t h a t  a l t h o u g h  a very 

s ignif icant  progress  has  been  m a d e  over  the  last  

t en  years  in the  u n d e r s t a n d i n g  o f  the  na tu re  o f  

d e c o m p o s i t i o n  o f  A 1 - Z n - M g  alloys,  i t  is clear 

t h a t  m a n y  ques t ions  r ema in  u n a n s w e r e d  b o t h  for  

t heo re t i ca l  and  e x p e r i m e n t a l  po in t s  o f  view. 
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